Single layered molybdenum disulfide with a direct bandgap is a promising twodimensional material that goes beyond graphene for next generation nanoelectronics. Here, we report the controlled vapor phase synthesis of molybdenum disulfide atomic layers and elucidate a fundamental mechanism for the nucleation, growth, and grain boundary formation in its crystalline monolayers. Atomic layered graphene has shown many fascinating properties as a supplement to silicon-based semiconductor technologies [1][2][3][4] . Consequently, great effort has been devoted to the development and understanding of its synthetic processes [5][6][7][8] . However, graphene with its high leaking current, due to its zero bandgap energy, is not suitable for many applications in electronics and optics 9, 10 . Recent developments in two different classes of materials -transition metal oxides and sulfides -have shown many promises to fill the existing gaps [10][11][12] . For example, the successful demonstration of molybdenum disulfide (MoS 2 )-based field-effect transistors (FET) 11 , has prompted an intense exploration of the physical properties of few-layered MoS 2 films [13] [14] [15] [16] [17] .
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MoS 2 is a layered semiconductor with a bandgap in the range of 1.2-1.8 eV, whose physical properties are significantly thickness-dependent 13, 14 . For instance, a considerable enhancement in the photoluminescence of MoS 2 has been observed as the thickness of the material decreases 14 . The lack of inversion symmetry in single-layer
MoS 2 and developments in controlling the available valley quantum states in this material have brought valleytronic applications closer to reality 15 . However, the large-scale synthesis of high quality MoS 2 atomic layers is still a challenge.
Recent top-down approaches to obtain large areas of MoS 2 thin films have seized considerable attention 18, 19 . Nevertheless, the lack of uniformity in thickness and size undermines the viability of such approaches. Other techniques for the scalable synthesis of MoS 2 have focused on the direct sulfurization of molybdenum-containing films.
Recent work on the solid phase sulfurization of molybdenum thin films revealed a straightforward method for large-area synthesis of MoS 2 20 . However, the suboptimal quality of samples prepared using this synthetic route -exemplified in their low carrier mobility (0.004 -0.04 cm -2 V -1 s -1 ), as compared to mechanically exfoliated samples (0. 21 . Yet, this method bears a considerable level of complexity in precursor preparation and in achieving sufficient quality, which has limited its feasibility 21 .
Traditionally, the sulfurization of molybdenum trioxide (MoO 3 ) has been the primary approach in MoS 2 nanomaterial synthesis and it has been widely studied [22] [23] [24] [25] [26] [27] [28] . 22 . This work studied the nucleation and growth process in CVD grown MoS 2 atomic layers facilitated by seeding the substrate with graphene like species, but lacked a comprehensive characterization of grains and grain boundary structures 22 . The evolution in graphene synthesis suggests that an in-depth understanding of the CVD process for singlecrystalline domain nucleation and growth is essential to the large area preparation of high quality materials [5] [6] [7] [8] . Here, we develop a CVD-based procedure for the large-area synthesis of highly-crystalline MoS 2 atomic layers by vapor-phase MoO 3 sulfurization.
Furthermore, we evaluate the growth process, grain morphology, and grain boundary structure of the polycrystalline MoS 2 atomic layers and characterize their corresponding electrical performances.
To synthesize MoS 2 atomic layers in a vapor phase deposition process, MoO 3 and pure sulfur were applied as precursor and reactant materials, respectively (supplementary Initially, small triangular domains were nucleated at random locations on the bare substrate (Fig. 1a) . Then, the nucleation sites continued to grow and formed boundaries when two or more domains met (Figs. 1b and 1c), resulting in a partially continuous film.
This process can eventually extend into large-area single-layered MoS 2 continuous films if sufficient precursor supply and denser nucleation sites are provided (Fig. 1d) . Through additional experiments, we determined that sulfur concentration and chamber pressure are the two key parameters that control the prospects of the material growth In the quest for feasible strategies to control the nucleation process, we take advantage of some of our common experimental observations. Our experiments show that the MoS 2 triangular domains and films are commonly nucleated and formed in the vicinity of the substrates' edges, scratches, dust particles, or rough surfaces (supplementary Fig. S4 ).
We utilized this phenomenon to control the nucleation by strategically creating step edges on substrates using conventional lithography processes (Fig. 1e) . The patterned substrates with uniform distribution of rectangular SiO 2 pillars (40×40 μm 2 in size, 40 μm apart, and ~40 nm thick) were directly used in the CVD process for MoS 2 growth (Fig. 1e) . The pillars facilitate a high density of domain nucleation and the continued growth allows for the formation of large area continuous films (supplementary Fig. S5 ). Raman spectroscopy measurements indicate that the MoS 2 atomic layers grow on the surface of the pillars as well as on the valley space between them, suggesting that both the surface roughness and edges may contribute to the nucleation process (Figs. 1f, and 1g ). The asgrown films are predominantly single-layered, with small areas consisting of two or few layers at the preferred nucleation sites (Fig. 1g ). Our observations show that the pattern base growth process follows pressure and sulfur concentration dependencies similar to the growth of MoS 2 on pristine substrates. The strategies to enhance this approach, such as variations in the size and geometry of the pillars and their effects on the growth process are discussed in the Supplementary Materials (supplementary Figs. S6, and S7).
The inherent dependence of this approach on the edge-based nucleation resembles some of the observations and theoretical predictions in the growth other layered materials [29] [30] .
Theoretical studies have revealed a significant reduction in the energy barrier of graphene nucleation close to the step edges, as compared to flat surfaces of transition metal substrates 30 . We propose that similar edge-based catalytic processes are also involved in the initiation of systematic MoS 2 growth. The simple lithography methods applied in the preparation of silicon oxide patterns and step edges on insulating substrates provides a unique and robust strategy for the growth of large-area high-quality MoS 2 films that can be readily transferred to any substrate or applied to fabricate devices (Fig. 1h ). This strategy can potentially be adopted to grow large area MoS 2 films on other insulating substrate such as hexagonal boron nitride, to take advantage of its atomically smooth surface and possible electrical performance enhancement. Further experiments reveal that growth process in these films also resembles the process described for nucleation and growth on bare substrates; they start by nucleation of triangular domains, followed by their continued growth and coalescence. As we establish the knowledge of the MoS 2 atomic layer growth, it becomes evident that the nucleation and growth of the triangular domains, as well as the formation of boundaries among these domains, play an important role in the development of large-area MoS 2 atomic layers. Therefore, the characterization of the triangular domains becomes essential to understanding the advantages and limitations of this synthetic route and the proposed growth mechanism.
A representative atomic force microscopy (AFM) image of a MoS 2 triangular domain is shown in Fig. 2a . The thickness of these triangles is approximately 0.7 nm, corresponding to one MoS 2 atomic layer. The uniformity in thickness of these samples was further confirmed by Raman spectroscopy (supplementary Fig. S8 ). The chemical composition of the sample was confirmed by X-ray photoelectron spectroscopy (XPS) and Electron Energy Loss Spectroscopy (EELS) analysis (supplementary Fig. S9 ). The equilateral geometry of the triangles with perfect 60 o angles suggests the single-crystal nature of these nanostructures, with edges parallel to a specific lattice orientation (Fig. 2a) .
Transmission electron microscopy (TEM) and aberration-corrected scanning transmission electron microscopy (STEM) were then applied to examine the crystal structure of MoS 2 triangles and atomic layers. The selected area electron diffraction (SAED) pattern from a typical MoS 2 triangle (Fig. 2b) films is necessary to assess the quality of the material.
We evaluate the crystallinity of the large-area continuous MoS 2 films by examining the microstructure of these atomic layers using dark-field (DF) transmission electron microscopy (TEM) imaging technique [33] [34] [35] . A total of 507 DF TEM images acquired from the same diffraction spot were used to construct the DF TEM image (supplementary . This is in agreement with the average size of triangular domains observed in our experiments before they coalesce and reaffirms our hypothesis for MoS 2 growth process. Additionally, the thickness uniformity over regions greater than tens of microns further exemplifies the high quality of these samples. Nevertheless, grain boundaries that mediate the crystal orientation transitions between the grains are one of the major sources of defects in materials that deserve closer scrutiny.
An example of grain boundary in MoS 2 atomic layers is shown in Figure 3b , where the selected area electron diffraction (SAED) pattern collected from the highlighted area reveals three sets of six-fold symmetry spots (Fig. 3c) is highly anisotropic and the in-plain conduction is more favorable 39 , the impeding effects of over-layered grain boundaries should be more dire, and examination of the CVD grown MoS 2 samples with the combination of these grain boundaries is imperative.
To evaluate the electrical performance of the materials, we measure their field effect carrier mobilities and compare with measurements on the exfoliated samples reported in the literature. FET devices were fabricated by patterning the films with the commonlyused lithography techniques and reactive ion etching (Fig. S15 ). These devices have a channel length and width of 100 μm and 10 μm, respectively. All devices demonstrated FET characteristics of n-type semiconductors, similar to the measurements on mechanically-exfoliated samples (Fig 5a) 11 . We estimate the charge carrier mobility in these devices using the equation 11 . We attribute the small differences in the electrical properties of our samples, as compared to the natural crystals, to the expected higher density of defects in the synthesized materials, which degrades the gating.
It is known that grain boundaries play an important role as scattering centers that degrade the charge carrier mobility in the materials. Our calculations on the static electronic is detectable optically and confirmed by dark field-TEM imaging ( Fig. 5c and Fig. 5d ).
For these experiments, large area films were patterned into ribbons and FET transistors with different channel length were fabricated (Fig. 5e ). The optical images acquired from these devices reveal the characteristic stripes along the grain boundaries across the channels at deferent locations (Fig. 5f ). Raman analysis shows that these strips are bilayered regions and provides a clear location map of the defects (Fig. 5g) . It is prudent to assume that at least part of these bi-layered stripes, if not all, represent the grain boundaries in the material, and that a higher density of these strips is seen in the longer channel lengths (Figs. 5f and 5g). Mobility measurements as a function of channel length were performed using drain-source voltage of 0.1 V and in the gating range of ±40V. The mobility measurements show an average decrease by roughly 50% as the channel length increases from 3 to 80 microns (Fig. 5h ). Under these conditions the device does not reach its saturation current and the on/off current ratios do not represent the maximum capacity of the devices, however these values were measured and compared as a function of channel length for the sake of evaluating grain boundary effects (Fig. 5i) . The measurements show a decrease of roughly one order of magnitude in the on/off current ratios as the channel length is increased to 80 µm. It is worth noting that the work by Liu et al. on understanding the short channel effects in exfoliated MoS 2 details the short channel effects on the transport properties of MoS 2 40 . They reveal that for channel lengths larger than ~ 1 µm, as the transport is predominantly in the diffusive regime, the mobility and on/off ratio are expected to saturate at a constant value 40 . Assuming that the impurity concentration is roughly uniform across the channel, it can be deduced that the observed changes in our experiments is stemmed from the increased density of line defects introduced by the grain boundaries (Fig. S18 ). These defects increase the electron scattering and decrease the mobility of the electrons and in addition the local changes in the band structure induced by these defects, degrade the gating process and reduce the on/off current ratio (Fig S16) . However, the trapped substrate charges and surface interactions are potentially of higher importance in decreasing the magnitude of these transport properties. Therefore, mechanisms of high dielectric top-gating and shorter channel lengths could significantly enhance the device properties, as it suppresses the scattering of the carriers caused by surface charge traps on the substrate and the grain boundaries and enhance the gating experiments 11, 41 .
In conclusion, our results demonstrate the vapor phase growth of 
Supplementary Materials: Vapor Phase Growth and Grain Boundary Structure of Molybdenum Disulfide Atomic Layers

MoO 3 ribbon preparation
As the precursor to MoS 2 , MoO 3 films were prepared by the filtration or dispersion of their highly crystalline nanoribbons, which were produced hydrothermally through a process widely used for synthesis of this type of single-crystalline material 1 These MoO 3 nanoribbons have a high aspect ratio, roughly 20 microns in length, 1-2 microns in width, and a thickness in the range of 10-40 nanometers (Fig. S1a) .
CVD growth process
The ribbons were then filtered or dispersed and large-area films were formed, cut into pieces, and placed on silicon substrates. This (Fig S2a & b) . As the sulfur concentration is increased to 0.5-0.7 grams, hexagonal MoS 2 domains nucleate, and at >1 grams of sulfur, triangular domains dominate (Fig S2c & d) .
Another important parameter interrelated to the sulfur concentration is the pressure. As In Fig. S3 , the changes in the growth process is demonstrated by showing the most commonly observed features. At close to atmospheric pressures (0.5-1KPa) the supply of sulfur is low but sufficient MoO 3 is evaporated and typically oxisulfides or hexagonal isolated islands form (Fig S2) . Additionally at the same pressures granular and thick films may grow (Fig S3a) . Increasing the pressure to 1-4 KPa, the growth of small triangles initiates (Fig S3b) and it extends to large area films in the pressures range of 4-10K (Fig S3c) . At these pressures both supplies of MoO 3 and sulfur are sufficient for large area growth and coalescence of triangular domains. At slightly higher pressures, 10-40KPa sulfur is plentiful but lower evaporation of MoO 3 slows down its supply and isolated but very large, 50-80 μm, triangular domains form (Fig 3d) . At higher pressures, 40-80KPa, these isolated triangles shrink in size and their morphology begins to change (Fig 3e) . At the maximum pressures that the CVD chamber can withhold, 80-120KPa, isolated star shaped islands grow (Fig 3f) . In conclusion the sulfur concentration is the limiting factor that determines the morphology and the size of the 
Optical examination, Raman measurements, XPS and EELS
The optical images of the films and the triangular domains provide a qualitative measure of the samples' thickness and uniformity (Fig. S8a) . We further evaluate their thickness and surface roughness corresponding to the thicknesses of one and two layers (Fig. S8b) . Our thickness analyses across these samples indicate that these films are mostly single-layered, with occasional two-or few-layered regions.
Raman intensity mapping has been proposed as a method for the investigation of grain boundaries in graphene 5 . These studies showed that the D-band intensity in graphene could be utilized to detect nucleation sites and grain boundaries. In the present study, the Raman intensity mapping for characteristic band positions of single-layered samples, E 12g (385cm -1 ) and A 1g (405cm -1 ), from the merged triangles are collected. These results reiterate the thickness uniformity of these samples ( Fig. S8c and d) . In these maps, without impurities (Fig. S9c) , which further confirms these findings. These maps demonstrate the thickness consistency in these triangles; it is evident that these triangles consist of nucleation centers made of MoS 2 particles with larger thickness.
Grain boundaries are not clearly detected based on the Raman measurements. Image after low-pass filtering and partial filtering of the direct diffraction spot in the FFT, which aims to remove the contrast variation due to surface contamination. The light blue circles highlight the positions of Mo-oriented 5|7 dislocation cores at the grain boundary, and the orange circles highlight Mo-oriented 5|7 dislocation cores with an S 2 substitution.
Density functional calculations
The total energy first-principles calculations are performed using density functional theory (DFT) within the local density approximation (LDA) and the projector-augmented wave (PAW) method 6, 7 , as implemented in Vienna Ab-initio Simulation Package (VASP) 8, 9 . The grain boundaries (GBs) are modeled 
Optical devices for opto-electrical characterization of MoS 2
To demonstrate the optical properties and device performance of the MoS 2 films, photolithography was used to prepare electrodes on these samples for photocurrent measurements (Fig. S15b) . We measured the voltage dependence of the devices' photoelectric response and calculated an ON/OFF ratio of ~10 and ~3 for single-and multi-layered devices, respectively ( Fig. S15c and S15d). These results highlight a significant enhancement in the photocurrent response and photosensitivity of the singlelayered, as compared to the multi-layered samples. We also measured the wavelength dependence of the photo-current for wavelengths ranging from 750 nm down to 200 nm ( Fig. S15.e) . The experiments reveal photocurrent properties similar to those observed in single-layered and bulk samples 11, 12 . As shown in 
Effect of line defects on the transport properties of MoS 2
To further elucidate the role of grain boundaries in the transport properties of MoS 2 , additional experiments were performed. We quantify the line defect density by measuring the total length of line defects -observable in the optical images -and divide it by the total area of the material (Fig. S18a) . Fig. S18b and S18c demonstrates that the mobility and on/off ratio in devices with similar channel length decrease as a function of line defect density. It is also clear that the trends of these changes are independent of the applied bias and excludes the role of device contact resistance, which is significantly dependent on the applied bias. Similar measurements on a MoS 2 ribbon using a device with channel lengths ranging from 3.5 µm to 76 µm show that the channel length dependency described in the main text is predominantly caused by changes in density of line defects ( Fig.S18d and e) . Since larger channels have a higher chance of containing grain boundaries, a general channel length dependency in the mobility and on/off ratio is expected. However, line defect density is the governing reason for these changes; for small channel lengths containing a high density of line defects, one can observe the deviations from this general rule, explaining the observed large error bars seen in Fig.5h and i. 
